Population growth, lack of ground-storage in major metropolitan centers, and a variety of security issues cause the need to develop large storage capacities to meet potable water supply needs during emergency conditions in the GCC/MENA region. Because of the arid nature of the region and the very large storage capacities required, conventional ground-storage and surface reservoirs are not economically feasible to meet strategic storage requirements, but must be used to manage distribution system daily demand fluctuation and short-term emergency needs (fire flow). Aquifer storage and recovery (ASR) is an economic and viable technical solution to meet the critical need for strategic long-term storage. ASR systems that can potentially store billions of cubic meters of desalinated water can be economically developed. These systems need to be sited at strategic locations, such as near water treatment facilities, adjacent to major pipelines conveying post-treated desalinated water to municipal population centers or near to pumping stations associated with municipal high water use centers. Great consideration must also be given not only to the strategic positioning of the ASR reservoirs, but also to the hydrogeology of the aquifers in which the systems would be developed. Not all locations and aquifer systems can successfully support a mega-scale ASR system.
Introduction
Municipal potable water supply systems in general require a high degree of reliability and security. There are three general areas of consideration for security of the potable water supply, which are the distribution system storage capacity to meet shortterm demand fluctuations and system emergencies of short duration, strategic storage to meet catastrophic or long-term supply disruptions, and protection of water quality within the distribution systems from deliberate attacks. This paper covers the first two issues and how the solutions can interact to provide security for both short and long term events. The issue of water quality security is not covered, but is explained in a number of recent publications (Copeland, 2010) .
Distribution system management is a complex issue in particular old systems that are in a state of disrepair or have undesirable features, such as corroded water pipes, under-sized water mains, improper volumes of elevated and ground storage, and inadequate system high service pump capacity. All of these features contribute to the reliability and security of the system. Improvements to the piping and pumping capacities can be made, even in large, old municipalities. However, increasing the capacity of system storage can be a challenging issue because of the land area requirements and a number of other logistical issues. Distribution system storage should be adequate to meet all normal operational issues and short-term emergency issues, such as line-breaks, pump failures, or fire-flows.
Long-term water supply disruptions to the Arabian Gulf Corporation Countries and Middle East and North Africa (GCC/MENA) municipalities can create a potentially life-threatening situation and is a very challenging issue. Perhaps the most economic method to allow creation of a solution is via strategic storage of treated potable water in an aquifer storage and recovery (ASR) system. Strategic ASR of great capacity should be sited in primarily unconfined aquifers that naturally contain generally high hydraulic conductivity, high specific yields, a large volume of unsaturated sediments or rock, natural boundaries that limit vertical and horizontal losses of the stored water, and low salinity of the native water. The high hydraulic conductivity of the storage aquifer is necessary to allow high rates of infiltration or injection and corresponding high rates of extraction of the stored water.
Key policy issues must be addressed in the development of strategic ASR systems to protect the stored water until it is needed. No water use can be allowed in or surrounding a major strategic ASR systems because water users could use and eliminate the stored water. Water quality must be protected to prevent contamination of the stored water. This will likely require permanent land use restrictions, establishment of land buffers, and development of sophisticated monitoring systems.
Current
Storage Capacity in GCC/MENA Municipal Distribution Systems Distribution system storage in large municipal utility systems in the GCC/MENA region is quite variable. A distribution system should maintain hydraulic integrity, which is defined as "its ability to provide a reliable water supply at an acceptable level of service-that is, meeting all demands placed upon the system with provisions for adequate pressure, fire protection, and reliability of uninterrupted supply (Ceario, 1995; American Water Works Association, 2005; National Research Council, 2006) . However, it is rare for a municipal system in the GCC/MENA region to have the storage capacity to meet the demand for more than 24 hours of average day water use. Also, many municipalities are located considerable distances away from the coastline where largecapacity seawater desalination plants produce potable water. There are long, high-capacity pipelines connecting the desalination plants with the water users, commonly located tens or hundreds of kilometers away. In the event that serious disruptions or damage occurs to the desalination plants, pumping and/or blending stations, or pipelines, a given municipality could be left without the primary potable water supply for an indefinite time period. Therefore, the combination of lack of distribution system storage and the remote location of water treatment system to the water user poses a serious water security risk.
Data on documented distribution system storage capacity in the region is quite difficult to assess. A complicating factor is that many GCC/MENA municipalities provide potable water for a limited period of the week, perhaps every 2 to 4 days, and no continuous service is provided. The service is rotated to various parts of the distribution system and housing units utilize storage tanks mounted on roof areas to create line-pressure. Also, many municipalities, such as Damascus, Syria, have system losses that are nearly 50% of treatment plant capacity.
Some storage capacity has been truly documented, while other information is inferred. Almulla et al. (2005) reported that the demand for potable water in Sharjah, UAE ranges from 220,000 to 250,000 m³/day and the total system storage is only 80,000 m³ or between 7.6 and 8.5 hours of total daily demand. Dawoud (2012) suggested that the "storage capacity for emergency" in GCC countries ranged from 2 to 5 days with Kuwait (5 days) being the highest and Qatar, Bahrain and the United Arab Emirates (2 days) being the lowest of those reported. Saudi Arabia was reported to have 3 days of emergency capacity. However, it is unclear where the emergency capacity is located. If it is positioned adjacent to distal desalination facilities, then it really does not meet the need for strategic or even short-term issues with a distribution system. Many of the large cities in GCC/MENA region rely 100% on desalinated seawater for their potable water supply, and in some cases, the water demand is higher than the production capacity of these plants during certain times of the year. The small capacity of water stored near the desalination plants (ground storage tanks) is used during maintenance-forced short shut-downs of the desalination plant. It has been reported by some large-scale desalination plants managers that the distribution system storage capacities range from only a few hours to few days. During some climatic conditions, such as the cyclone that struck Oman in 2006, or pollution events such as a red tide, some desalination plants were forced to shut down for few days. These plant shut-downs caused the water service to be cut in several areas of the cities due to a shortage in storage tank capacity.
Ground Storage (Distribution System) Requirements and Operations
Operation of a water distribution system requires a considerable amount of storage to deal with normal daily fluctuations in demand (diurnal fluctuations) and typical emergencies, such as fire flow, main failures (pipeline breaks), pumping station failures, or other types of equipment-related failures ( Figure  1 ). These systems also must meet seasonal demands and unaccounted for water losses (National Research Council, 2006) . Hickey (2008) suggests that a general rule of thumb is that the peak day to average day ratio within most distribution systems ranges from 1.5 to 3.0 and the peak hour to average hour ratio ranges from 2 to 8, while the National Research Council (2006) suggests that the peak day to average day ratio ranges from 1.2 to 3.0 and the peak hour to average hour ratio ranges from 3.0 to 6.0.
Figure 1:
Diagram of the primary parts of a distribution system using elevated storage to maintain system pressure and for storage.
Several criteria are considered to be important in estimating the amount of storage requirement to properly handle peak day water demands within a distribution system (Figure 2 ). In most cases, system is designed to meet sufficient storage capacity to maintain a minimum pressure of 1.4 kg/cm 2 (20 psi) throughout the distribution system to meet domestic and fire flow demands, with a minimum storage volume to meet the average day demand plus fire demand (CDPHE, 1997). The Insurance Service Office (ISO) recommends providing a minimum storage volume of the average day demand. The principal advantages of adequate treated water storage are many; it provides equalization of water demands on raw water supply, finished water production, water transmission, and pumping facilities. It also provides stabilization of distribution system flows and pressures. The reserve supplies in the distribution system also provide contingencies needed during power failures, fires and/or other emergency demands.
There are three types of storage necessary in designing an effective system that is adequate in meeting the normal operating storage, and emergency and fire flow storage (Figure 3 ). The normal operating storage is defined as the storage required to compensate for the impacts of the variations in water demand on the water production facilities. Generally, the larger the operating storage, the more efficiently the production system will operate. Two hours storage at average day flow may be used as normal operating storage [i.e., Operating storage = Average day demand/24 hours) X (2 hours)]. The emergency storage is defined as the storage required to meet system demands for reasons other than normal operation. Examples of such conditions include pipeline failures, production or equipment out of service due to scheduled maintenance, equipment failure or power outage. A portion of the emergency storage volume may also be used as normal operating storage. Based on the water demand information, the volume of emergency storage required to provide two hours of storage at the maximum day flow rate can be calculated [Emergency storage = (Peak Day Demand/24 hours) x (2 hours)]. The fire flow storage is defined as the storage required to meet fire-fighting requirements for the service area. International standards have been established to maintain sufficient distribution storage to meet fire-flow demands. ISO criteria are based on customer type and population densities. The insurance standard for each customer type is shown in Table 1 . To meet the fire flow conditions, it is necessary to distribute the storage facilities in a manner that the water can be delivered through the conveyance system. This requires a detailed engineering analysis of the water use, pipe diameters and the locations of pumping stations in order to design the proper placement of the storage tanks. The total required storage is determined by totaling the required individual storage components for normal operating storage, emergency storage, and fire flow storage. Thus, system storage is critical in providing water supply security for emergencies and to equalize demand flows within the system. The National Research Council (2006) Various combinations of elevated and ground storage should be used within the distribution system to maintain system pressurization and ease of fire flows during extreme events. Storage alone does not guarantee that the entire distribution system will provide secure water supplies to all users. Pumping stations, pipeline diameters, and deadline pipes all have considerable influence on the ability to deliver fire flows and water during emergencies. Typically, elevated storage can be used to balance flows within the distribution systems and when the storage is reduced below about 25%, high-service pumps are used to balance distribution systems flows and pressures with the remaining 75% capacity in the elevated storage used as a reserve to meet fire-flow demands (Hickey, 2008) . Pumping from ground-water can be used to substitute for elevated storage, which has been discontinued in many municipalities. Typical distribution system pressure criteria include a working pressure of at least 3.5 kg/cm 2 (50 psi) and not less than 2.45 kg/cm 2 (35 psi) with a minimum of 1.4 kg/cm 2 (20 psi)
Modeling of the described distribution system requirements as well as detailed analyses of pressures and flows can be performed using computer modeling software, such as WaterCAD (Bentley), EPANET, or others. These programs are built with a design tool which allows constructing and calibrating large distribution system networks, using its powerful hydraulic analysis tools. The software allows an entire distribution system analysis and simulation under static and dynamic conditions on a desktop environment. It can also determine water flow and assess in-line pressure under simulated fire-flow condition at all taps and at fire hydrants. It is helpful in detecting hot-spots (pipe size, additional pumping station and/or storage system requirements) where the systems requirements are not met. These tools also can be used in estimating the storage requirement needs of any distribution system. Distribution system security with a short timeframe of 24 to 48 hours of operation should thus be met by combined elevated and ground-storage located in the distribution with sufficient high service pumping capacity, all of which could be assessed by these tools.
It has been suggested that ASR can replace some distribution system storage to help meet daily operational capacity (Castro, 1996) . This is not a reasonable or acceptable design concept in terms of daily distribution system operation, especially with consideration of fire flow. Commonly, ASR systems used to meet peak daily demands are located near the water treatment facilities which are usually remotely located to all or parts of the distribution system, especially in the GCC/MENA region. Even in decentralized ASR systems ; Figure 4 ), individual wells are located near storage tanks and pumping stations and cannot really be used to substitute for system storage or pumping capacity. The requirement for re-disinfection of the potable water stored in ASR systems is another complicating factor in attempts to use it for a substitute for standard distribution system storage.
Figure 4: Centralized and decentralized ASR. A centralized ASR system is constructed adjacent to the water treatment facility and a decentralized system is placed within the distribution system at locations near ground storage tanks or pumping stations.
Need for Peak Day Demand Management and Strategic Storage
The need for peak day demand management using ASR is primarily an efficiency issue with associated capital and operational savings. However, strategic storage is a water security issue with an associated large capital cost. The economic impact of achieving total system security cannot be easily assessed, but the human impact issue is one of saving lives and maintaining safe potable water access during all types of conditions. This should be a goal of all utility systems.
Use of ASR to improve desalination plant efficiency has been used in many areas around the world (Missimer et al., 1992; Missimer, 2009; Maliva and Missimer, 2010) . Although not currently used in the GCC/MENA region, ASR has been proposed for use in Sharjah, United Arab Emirates to meet both peak day demand and for strategic storage (Almulla et al., 2005) . Similar recommendations and investigations have occurred in Qatar (Vecchioli, 1976; Kimrey, 1985) and Kuwait (Mukhopadhyay et al., 1994 , 1998 .
Typically, the feasibility of using ASR to meet peak day demand is dependent on the peak day/average day ratio of the utility system. If the value is low or under 1.2, the excess treatment capacity within the system may not be sufficient to provide off-peak treated water for placement into storage within an ASR system. Also, there may be no economic incentive to use ASR due to a lack of need. In many municipalities within the GCC/MENA region the peak day/average day ratio is relatively small because there is little seasonal variation in water use (Almulla et al., 2005; Ghaffour et al., 2012) . However, there is a considerable seasonal change in power consumption, therefore making ASR attractive when coupled with hybrid facilities containing desalination (thermal and membrane) and power production (Al-Katheeri and Agasichev, 2008) . This would be an operational-based ASR system. While the need for storage within distribution systems is an operational necessity for short-term supply management, the need for ASR to meet peak day demands within the GCC is unclear, while other parts of the MENA region with larger peak day/average day ratios may have a greater need.
Strategic water storage needs for the entire GCC/MENA region is a necessity based on security, safety, and human health considerations. Where water treatment facilities are remote to the actual use centers, there is a particular risk to supply interruption caused by mechanical failures and possible purposeful disruption. Global climate change will also have effects on water management, causing more extreme droughts and floods that will, in turn, affect the pattern of water demand. Great fluctuation in demand on the timescale of 1 to 2 years would cause large investments to be made in water treatment and conveyance infrastructure that may be needed on an episodic basis. These new fluctuations will be particularly acute in areas that have some dependence on fresh groundwater (e.g., North Africa countries, Lebanon, Syria, Jordan, and others). A more costeffective solution to some of these cases may be strategic ASR system development, as long as the overall special demand does not exceed 2 years.
Longer-term, extreme fluctuations in supply and demand cannot be solved by ASR due to the magnitude of the storage required and the inability to locate suitable sites based on hydrogeological and management acceptability (Maliva and Missimer, 2012) .
Aquifer Storage and Recovery System to Provide Storage

Introduction
ASR is defined is the as "the storage of water in a suitable aquifer through a well during times when water is available and the recovery of the same or similar-quality water using a well during times when it is needed" . This is a modification of the original definition proposed by Pyne (1995) , who restricted the concept to only the use of the same well or wells. When viewing the issue of strategic ASR within the geographic context of the GCC/MENA region, the definition may require an expansion because of the use of infiltration basins to allow rapid placement of potable water into an aquifer system in addition to wells.
There are two fundamental ASR design concepts that provide some degree of potable water security. First, the use of ASR to meet peak day demand and to increase the overall efficiency of water treatment as well as improving the efficiency of electrical power delivery associated with water treatment. Second the use of ASR to provide strategic storage which would allow a municipal system to operate for up to one year without operation of the primary water treatment facility (strategic storage). Selection of the one year time period is based on the ability to rebuild or repair major damage to the treatment and conveyance infrastructure, such as the replacement of a seawater desalination facility (Al-Katheeri and Agaschichev, 2008) .
The addition of ASR in conjunction with power/thermal/reverse osmosis hybrid desalination systems can achieve both operational efficiency and strategic storage to a degree (Wright and Missimer, 1999; Maliva and Missimer, 2003; Pyne and Howard, 2005; Al-Katheeri and Agashichev, 2008; Missimer and Maliva, 2010; Maliva and Missimer, 2010; Ghaffour et al., 2012) . The only strategic storage systems currently being actively implemented in the GCC/MENA region are in the United Arab Emirates (Dawoud, 2010; Maliva and Missimer, 2010) .
Volume of Storage Required and Duration of Storage
The required storage capacity for these different ASR system types dictates the geologic setting that can be used. Another consideration is the duration of storage anticipated. An ASR system designed to meet peak day demand, to facilitate efficient water/power production, or to deal with short-term emergencies will have a much smaller capacity and require a much lower amount of aquifer storage capacity. A strategic storage ASR system must have a very large storage capacity and be able to store the water without significant losses for durations ranging from 2 to 10 years.
Operational ASR is designed to meet either peak day demands or short-term exceptional demands caused by system maintenance or operational failures. Typical peak day demands within a GCC/MENA distribution system occur during a period of a few days to perhaps one month because of the general lack of seasonality in the water demand in most of the regions with the exception of some municipalities in the North Africa area. Therefore, the storage capacity in operational ASR systems should range from one week to about 2 months. The exact quantity of water that needs to be stored is based not only on the demand period used, but also on the projected efficiency of withdrawal.
Strategic ASR requires a very large storage capacity. An analysis of strategic storage requirements for desalination facilities in the GCC/MENA region shows that typical regional desalination plant treated water delivery capacities range from about 190,000 to 600 million m³/day. The corresponding strategic ASR storage required for this range of desalination plants capacities is 69.35 to 219,000 million m³. Therefore, the storage requirement for a strategic ASR system requires both a very large capacity, but also favorable hydrogeology.
• Design Considerations for Operational ASR Systems
There are two general types of operational ASR systems which are centralized and decentralized . A centralized ASR system is typically located adjacent to the water treatment facility, while a decentralized system is located within the distribution system area adjacent to a storage tank or pumping station, where the stored water can by re-disinfected and be placed back into the distribution with potentially considerable dilution.
A centralized system has the advantage in some utility systems by being conveniently located near the water treatment plant, where the recovered water can be re-disinfected and pumped into a mixing tank to be blended with treated water. In hybrid systems containing desalination and power production, the ASR system could be used to optimize all on-site processes ( Figure 5) . Also, the location near the water treatment facility would allow a maximum amount of blending of the stored water with the treated water. This is particularly important where the native water in the storage aquifer has a high salinity, thereby limiting the recovery efficiency. The salinity of the recovered water could be allowed to rise above the secondary drinking water standard of 1,000 mg/L (World Health Organization, 2006) and with blending the overall water quality would not rise about the standards. This would raise the overall ASR system efficiency. It should be noted that the global average recovery efficiency for ASR systems developed in aquifers containing saline water is about 70% when the recovery is limited to the drinking water standards for inorganic, nonehealth related drinking water standards.
Figure 5:
The concept of the co-location of power production, water treatment, and ASR to maximize operations of a utility system.
• Design Considerations for Strategic ASR Systems
There are only a few types of aquifer types occurring in the region that can be used for development of strategic storage ASR systems. Dune fields contained within enclosed basins, large wadi aquifers, alluvial fan aquifers, and some alluvial outwash sand and gravel aquifers are all good candidates for use in the GCC/MENA region.
The relative homogeneity of dune aquifer makes them a lending candidate, especially where located near the most desirable location and in a basin where the water cannot escape. Mixed alluvial and aeolian aquifers are also good possibilities. Alluvial fan and gravel aquifers may be located large distances from the desirable location. The planned strategic ASR systems in the United Arab Emirates use both types of geologic settings ( Figure 6 ). It is likely that a strategic ASR system in the GCC/Mena region would have to be constructed within an unconfined aquifer system that has the appropriate hydraulic properties. The hydraulic conductivity of the aquifer sediments or rock must be sufficient to allow the effective recharge and withdrawal of the treated water. Specific yield controls the amount of storage contained with an aquifer and it should be at least 0.25 and preferably 0.30 or greater. Overall storage capacity is created by the thickness of the unsaturated sediment along with the specific yield and therefore, a very thick unsaturated zone is desirable. The stored water should not travel far from the point of injection or recharge because if the thickness of saturated sediment becomes too small, it is quite difficult to recover the water. Also, the chosen aquifer must contain some horizontal boundaries, preferably natural that keep the water from leaving the recharge location. It is very important that a high percentage of the costly desalinated water recharged can be stored for long time periods (years to decades) and recovered when needed, so the aquifer must be naturally-bounded and have the properties to allow engineered boundaries to be constructed (slurry walls). The quality of the water occurring within the storage aquifer should have low salinity, so that if some mixing with the stored desalinated water occurs, the recovered water would still meet potable standards.
Location of strategic ASR systems can vary based on the desired capacity and the projected mode of operation. For example, if the system is designated to be solely a strategic system, it should be located as close as possible to the distribution system or at a pumping station that could convey the water to the use area. If the system is being considered for strategic and operating purposes, it should be located near to the desalination facility to allow a largest number of benefits to be achieved. Another, very important consideration is the need to protect the stored, treated water from contamination or theft.
• Security and Water Policy Issues in ASR Systems ASR systems that store potable water need to have serious protection to maximize the security aspects. Typically, smaller ASR system have some flexibility in location because they do not impact a large area and if for some reason, they become impaired, the economic loss is not great. However, strategic ASR systems involve the storage of a considerable amount of water with a high economic value. Land use restrictions must be developed to maintain water quality and to prevent the development of lands above the subsurface reservoir to prevent the use of local wells tapping the storage aquifer. The direct use of the stored water would deplete it and destroy the storage concept. Application of land restrictions on a large tract may require the land to be purchased or be under full control of a government agency with a long-term view of water management. It is unlikely that a strategic ASR system could be located at a site very close to a municipality because of the high likelihood of groundwater contamination.
• Alternative Methods of Achieving Strategic Water Security
Development of a strategic ASR system in the GCC/MENA region typically would require the use of desalinated water; most likely seawater. However, this is an alternative method of recharging this type of system in parts of the region or creating another type of strategic water supply. Some areas of the GCC/MENA region have regional freshwater aquifers that contain "fossil" water with no current recharge. These aquifers are most commonly used for agricultural irrigation. Freshwater from a deep, "fossil" water aquifer could be used to fill a strategic ASR system in lieu of using desalinated seawater. This freshwater could be disinfected and not have the intensive treatment required for use of seawater.
Another alternative would be to construct a largescale pipeline from a municipality to an area containing fresh groundwater with the codevelopment of many wells and an in-line disinfection system. The system would only be used to maintain line pressure and would be operated at full capacity only during an emergency. Perhaps a piping system could be connected to existing agricultural irrigation wells, which would divert flow into the emergency pipeline only when required. The agricultural well users would be compensated for potential interruption of irrigation use when an emergency condition would arise. A cooperative system like this could reduce the cost of a strategic ASR system to municipalities and could become a source of income to agricultural producers with both parties benefitting.
Discussion and Conclusions
Potable water is a precious and costly commodity in the GCC/MENA region. Most municipalities in this region currently contain an insufficient quantity of combined elevated and ground storage to meet established international distribution system operating standards, particularly with regard to fire flow and operational disruptions. Operational ASR systems can be economically developed to meet peak day demands and shortterm operational needs. However, operational ASR systems cannot be used to replace distribution system storage, such as tanks and high-service pump capacity. The generally small quantity of distribution system storage exposes the water users in these municipalities to potential long-term disruption in water supply in the event of a major failure of a remote desalination plant, a pipeline, or a major pumping station. The long distance between desalination facilities and many interior cites exacerbates the water security risk. Strategic ASR systems can be developed to substantially reduce the water security risk and provide a much higher degree of safety. However, development of these large-scale strategic ASR systems comes at a cost. Sites must be isolated, requiring either purchase of large land tracts or exertion of total control over sites, including buffers surrounding them. Also, there needs to be excess treatment capacity to recharge a strategic ASR system unless the system is recharged using partially treated fresh groundwater. ASR systems can be developed that meet both some operation needs as well as the strategic need for a given system.
